Introduction
In enzymatic reaction, ionic charge of substrates sometimes greatly affects the enzymatic reaction rates. One of such reactions is a glucose oxidase (GOx) enzymatic reaction, where glucose is oxidized to gluconolactone. The usual oxidant is oxygen, but GOx can also react with various inorganic or organic oxidants. [1] [2] [3] GOx has multiple negative charges above its isoelectric point. 1 Under the pH condition, the GOx enzymatic reaction tends to exhibit a slower reaction rate as the oxidant is more negatively or less positively charged. 4, 5 Particularly, the GOx reaction with ferricyanide ion ([Fe(CN)6] 3-), which has been applied as the oxidant for a glucose biosensor based on GOx, shows a slower reaction rate compared to when other oxidants are used. 6, 7 In a previous paper, we described that the GOx enzymatic reaction with [Fe(CN) 6] 3-is significantly promoted by ε-poly-Llysine (εPL) around a neutral pH, 8 and that the promotion effect allows for the sensitive colorimetric detection of εPL. 9 εPL is a basic homopolymer of L-lysine residues with linkages between α-carboxyl groups and ε-amino groups, which exists as a polycationic species under acidic and neutral conditions. 10, 11 From investigations of the influences of the pH, the ionic strength and the ionic charge of oxidants on the εPL's effect, 8, 12 it was deduced that the polycationic εPL associates with polyanionic GOx, and reduces an electrostatic repulsion between negatively charged GOx and oxidants, resulting in promoting the GOx enzymatic reaction.
If the promotion effect of εPL can be explained by such electrostatic interactions, other polycationic compounds also should promote the GOx enzymatic reaction. However, other cationic polymers previously tested (for example poly(allylamine hydrochloride and ethoxylated polyethleneimine, etc.) did not clearly show the promotion effect, likely due to the formation of water-insoluble sediments with [Fe(CN)6] 3-. 8 For a deeper understanding of the mechanism and factors of the promotion effect, finding new cationic compounds promoting the GOx enzymatic reaction would be valuable.
Streptothricins (STs), which are produced by Streptomyces strains, are broad-spectrum antibiotics. ST has an L-β-lysine residue or oligomeric side chains, as shown in Fig. 1 . insoluble sediment with [Fe(CN)6] 3-. Thus, investigations of the promotion effect using STs would reveal whether multivalent cations (not polycation like εPL) promote the GOx enzymatic reaction, and if they do, the study also clarifies how the size of the lysine oligomer, that is, the number of the positive charges of multivalent cation affects the promotion effect. Furthermore, since the εPL promotion effect allowed for the sensitive detection of εPL, 9 a new detection method for STs (or multivalent cation) would also be constructed.
In this study, we investigated the promotion effect on the GOx enzymatic reaction using STs. STs (that is, multivalent cation) also promoted the GOx enzymatic reaction. The promotion effect increased with the size of the lysine oligomer, suggesting that the number of positive charges is a key factor determining the degree of the promotion effect. The promotion effect allowed for the sensitive detection of STs, and as an application, we demonstrated that the method could be used for a selective detection of Streptomyces strain that produces STs carrying a larger-size lysine oligomer. The detection procedure was simple, and the sensitivity was as high as the 1 mg/L level. Thus, the method would become a helpful tool for the detection of STs.
Materials and Methods

Chemicals
Glucose oxidase (GOx) from Aspergillus niger was purchased from Toyobo (Tokyo, Japan).
GOx concentration was determined spectrophotometrically using an absorption coefficient of 18240 M -1 cm -1 at 460 nm. 15 Catalase was purchased from Nacalai Tesque (Kyoto, Japan). Streptothricin (ST) was purchased from Werner BioAgents (Jena, Germany). The ST sample (ST-mix) was a mixture of STs with lysine oligomers of different sizes. The components of the ST-mix were ST-F (n = 1), ST-E (n = 2), ST-D (n = 3), and ST-C (n = 4), with a molar ratio of roughly 6:1:6:2. The molar ratio was determined using an ultra-high-performance liquid chromatography (UHPLC) system, according to the procedures described in Supporting Information. ST-F, ST-D and ST-C were purified from the ST-mix by reverse-phase HPLC. 16 Other chemicals were of reagent grade, and were used as received.
STs fermentation with Streptomyces lividans TK23 strains
We previously reported on three types of the S. lividans TK23 strain:
17 pOJ446-SR-cluster7/TK23 (wild type), pOJ446-SRcluster7-Δorf19/TK23 (Δ19 type), and pOJ446-empty/TK23 (no-ST type). The wild type and Δ19 type strains produce STmix and ST-F, respectively, but the no-ST type strain does not produce any ST compounds. In the present study, the wild type and Δ19 type strains were used as the ST-producing strains, and the no-ST type strain was used for comparison. The strains were cultured in S10.3 medium containing 10.3% (w/v) sucrose, 3% (w/v) glucose, 1.5% (w/v) soyton (Difco), 0.1% (w/v) glycine, 2.7 mM CaCl2, and 5 mM MgCl2 (pH 7.2) for 4 days at 28 C. The profiles of ST production in these strains were estimated by UHPLC measurements, and are summarized in Table S1 (Supporting Information).
Measurement of the GOx enzymatic reaction rate
The enzymatic reaction was followed by a time-dependent decrease in the absorbance at 420 nm, A420, after the addition of GOx to the assay solution. The parameter A420 corresponds to the absorption maximum of the ferricyanide ion. The assay solution contained 200 mM glucose, 1.0 mM K3[Fe(CN)6] and 50 mM buffering agent. The final concentration of GOx in the assay solution, cGOX, is described in the following section. The A420 vs. time curves were recorded at 30 C using a UV-visible spectrophotometer (JASCO V-630) equipped with a Peltier thermostat. The enzymatic reaction rate, vE, was determined from the initial slope of the decay curve at A420.
Colorimetric assay
In the colorimetric assay, the color change of the assay solution containing ST samples after the addition of GOx was visually confirmed at room temperature. The assay solution was basically the same as that for the spectrophotometric assay, but the component was somewhat modified as required, and is described in more detail below. The typical procedure for the colorimetric assay was as follows.
A 178-μL aliquot of assay solution (e.g., 448 units/mL catalase, 2.24 mM EDTA, 1.12 mM K3[Fe(CN)6], 224 mM glucose, and 11.2 mM MES (pH 7.0)) was transferred into wells in a microtiter plate; 10 μL of ST samples (e.g., the culture broth of S. lividans) was added to the assay solution. The additive volume of ST samples corresponded to 5% of the total volume of the assay solution. A 12-μL of 4.0 μM GOx was added to the assay solution to initiate the GOx enzymatic reaction, and the solution was mixed for a few seconds by a plate mixer. After 1 h, the color change was visually confirmed.
In the colorimetric assay, ST was also detected by combining the Berlin blue reaction with the promotion effect of ST. This procedure included only the addition of 20 μL of a solution of 30 mM FeCl3 and 1.0 M HCl to the assay solution in which the GOx enzymatic reaction had proceeded for 1 h.
Results and Discussion
Promotion effect of ST
First, we shows that STs (multivalent cation) also effectively promote the GOx enzymatic reaction with [Fe(CN)6] 3-. Since it was difficult to prepare the purified STs (such as ST-C) in adequate amounts, the basic properties of the promotion effect of the STs were investigated using a commercially available STmix. Figure 2 shows time-dependent curves of A420 after the addition of GOx (cGOX = 120 nM) to a test solution containing 1.0 mM K3[Fe(CN)6], 200 mM glucose, and 50 mM MES buffer (pH 6.5). Curve a was recorded in the absence of STs. The final concentration of GOx in the assay solution, cGOX, was 120 nM.
The A420 hardly changed with time, indicating that the enzymatic reaction did not proceed at a detectable rate under the conditions tested. 8 On 3-, then it should be influenced by the pH and ionic strength of the test solution. Figure 3 shows plots of the enzymatic reaction rate, vE, in the absence (open symbols) and presence (filled symbols) of 600 mg/L ST-mix as a function of pH. The measurement conditions were the same as in Fig. 2 , except for the buffer components.
Under the acidic condition (pH <4), vE in the presence of ST was almost equal to that in the absence of ST, indicating that ST did not promote the enzymatic reaction under acidic conditions. It is likely that, under the acidic condition, GOx does not have sufficient negative charges to interact with protonated ST. Above pH 4, vE in the presence of ST increased with the pH and became higher than that in the absence of ST, indicating that ST promotes the enzymatic reaction.
The promotion effect increased to a maximum at pH 6.5. In a neutral and basic pH range, vE in the presence of ST tended to decrease with increasing pH, although an odd increase in vE was also observed around pH 8.5. Although the reason for this increase is unclear, the decrease in vE with the pH appears to result from deprotonation of the protonated ST.
Since the maximum promotion effect of ST was observed at pH 6.5, the following spectrophotometric experiments were carried out at that pH. Figure 4 shows plots of the vE in the presence of 600 mg/L ST-mix as a function of the ionic strength of the test solution. The salts used to adjust the ionic strength were KNO3 and K2SO4. The vE decreased with increasing ionic strength regardless of the salt type. The activity of GOx is not substantially decreased under the high ionic strength condition. 18 Thus, the findings of the effects of the pH and ionic strength on the promotion effect of ST indicate that the effect originates from ion complex formation between negatively charged GOx and positively charged (protonated) STs. The formation of the ion complex would reduce the electrostatic repulsion between GOx and [Fe (CN)6] 3-.
If the promotion effect of ST can be attributed to such electrostatic interactions, then this effect should also be affected by the size of the lysine oligomer (that is, the number of positive charges of STs). To evaluate the effect of the lysine oligomer size, ST-D and ST-F promotion effects were investigated at different concentrations of ST, cST (Fig. 5) . For this analysis, the cGOx was 240 nM, and the other conditions were the same as in Fig. 2 . For ST-D (plot a), the vE increased with cST, and reached a maximum value around cST = 0.53 mM (~400 mg/L). Further increase in cST brought about a slight decrease in vE. The initial increase in vE indicates that the concentration of GOx activated by ST-D increases with cST. The later decrease in vE seems to be related to ion-pair formations between protonated ST-D and [Fe(CN)6] 3-. For ST-F (plot b), the vE also increased with cST. However, the vE values were much smaller than those of ST-D. This result clearly indicates that the promotion effect of ST is mainly due to the presence of the β-lysine oligomer. We also briefly investigated the promotion effect of ST-C, and determined that vE in the presence of 0.53 mM ST-C was 5.70 μM s -1 . This value was larger than that of ST-D, and indicates that the To estimate the promotion effect of STs quantitatively, vE in the presence of 600 mg/L (~0.9 mM) ST-mix was measured at different concentrations of K3[Fe(CN)6], cFe(CN)6 (Fig. 6) . In this measurement, the cGOX was 30 nM, and the other conditions were the same as in Fig. 2 . The vE increased with cFe(CN) 6 .
The concentration of glucose in this experiment (200 mM) was sufficiently larger than the Michaelis constant of glucose. 19 Under this condition, the GOx enzymatic reactions and the GOx enzymatic reaction promoted by εPL have been described by the simple Michaelis-Menten equation. 8, 20, 21 Thus, the rate of the GOx enzymatic reaction promoted by ST, vE, may also be given as
where kcat is the catalytic constant, and KFe(CN)6 is the Michaelis constant of [Fe(CN)6] 3-. Assuming that the vE is described by Eq. (1), the shape of the plot in Fig. 5 suggests that the upper limit of the tested cFe(CN)6 is not much higher than that for KFe(CN)6. Thus, the value of kcat and KFe(CN)6 could not be estimated individually, and the kcat/KFe(CN)6 was determined to be 28 × 10 3 M -1 s -1 by fitting Eq. (1) to the plot. Without ST, the kcat/KFe(CN)6 was determined to be 14 M -1 s -1 , and in the presence of εPL, the kcat/KFe(CN)6 was 14 × 10 4 M -1 s -1 . 8 Thus, the value of kcat/KFe(CN)6 in the presence of ST was 2000-times higher than in the absence of ST, and about one-fifth of that in the case of εPL.
Colorimetric assay of ST
The promotion effect of εPL on the GOx enzymatic reaction could be used for the colorimetric detection of εPL. The enzymatic reaction is accompanied by a color change, due to the reduction of [Fe(CN)6] 3-, and a more distinguishable color change could be achieved by the addition of Fe(III) ion. 9 Therefore, it is expected that the promotion effect of STs can also be used for the colorimetric detection of STs. . 9 The assay solution without the ST-mix (i) did not change color; the color remained almost identical to that before the addition of GOx. In contrast, the solution above cST = 100 mg/L (vii -ix) became almost colorless. The solutions for the interval cST values-i.e., 0.50 (ii), 1.0 (iii), 5.0 (iv), 10 (v), and 50 mg/L (vi)-gradually changed from yellow to colorless as the cPL increased, although the gradual color change was somewhat unclear.
The [Fe(CN)6] 4-ion can be sensitively detected by Fe(III) ion under acidic and neutral pH conditions due to the formation of Prussian blue. This reaction is known as the Berlin blue reaction, and it is also useful for detecting trace amounts of εPL.
9 Figure 7B shows the reaction mixtures immediately after the addition of FeCl3 (up to 3 mM) to the assay solutions in Fig. 7A . The color change became more apparent, and 0.5 mg/L of ST-mix could be detected by visual observation. In the following, therefore, we discuss the colorimetric detection utilizing the Berlin blue reaction.
Since the promotion effect of ST increased with the size of the lysine oligomer (Fig. 5) , we expected that the sensitivity to ST in the proposed colorimetric method would also increase with the size of the oligomer. Figure 7C shows the reaction mixtures 1 h after the addition of GOx (cGOX = 240 nM) to the assay solution containing 5 mg/L of ST-C (i), ST-D (ii) and ST-F (iii). Obviously, the blueness of the solution increased in the order of ST-F, ST-D and ST-C. This result indicates again that the promotion effect increases with the size of the lysine oligomer, and that the proposed colorimetric method would be used to selectively detect STs with a larger lysine oligomer.
STs are produced as secondary metabolites by some Streptomyces strains. STs are broad-spectrum antibiotics, and some microbiological studies focusing on the ST productive strains have found new potential lead compounds for drug discovery. 16, 17 In such studies, easy detection methods of STs and ST-related compounds with a larger lysine oligomer would be valuable, because their antimicrobial activity tends to increase with the size of the lysine oligomer. Here, as an application, we applied the proposed colorimetric method to the culture broth of S. lividans TK23 strains, pOJ446-SR-cluster7/TK23 (wild type), pOJ446-SR-cluster7-Δorf19/TK23 (Δ19 type), and pOJ446-empty/TK23 (no-ST type). The wild type and Δ19 type strains produce ST-mix and ST-F, respectively, but the no-ST type strain does not produce any ST compounds. The amounts of STs produced by these strains in the culture broth were estimated by UHPLC measurements, and are summarized in Table S1 . The reaction mixture for the culture broth of no-ST type (i) became a light green or very light blue solution, as in the case of the assay solution without the culture broth (Fig. 7B-i) . This result indicates that other than ST, the components of the culture broth do not promote the enzymatic reaction, and do not noticeably reduce [Fe(CN)6] 3-to [Fe(CN)6] 4-. On the other hand, the reaction mixture for wild type (ii) turned blue, clearly indicating that the blueness can be attributed to the presence of STs, and that STs contained in the culture broth can be easily detected by the proposed method.
Interestingly, the reaction mixture for Δ19 type (iii) was only a very light blue, although the total amount of STs was almost equal to that of the wild type (Table S1 ). This finding agrees with the results of Figs. 5 and 7C, and suggests that the proposed method can be used for selective detection of the microorganisms that produce STs with a larger-size β-lysine oligomer.
In summary, we showed that multivalent cationic STs also effectively promote the GOx enzymatic reaction with [Fe (CN)6] 3-. The promotion effect increased with the size of the lysine oligomer of STs, suggesting that the number of positive charges is a key factor for determining the degree of the promotion effect. The promotion effect allowed for colorimetric detection of STs at 1 mg/L level. The detection method was simple and easy to carry out. The ST's promotion effect is attributed to the lysine oligomer moiety, that is, the multivalent positive charges of STs. Thus, the detection method would be applicable to other multivalent cations, and relevant studies are in progress. Fig. 8 Reaction mixtures immediately after the addition of FeCl3 up to 3 mM into the assay solution containing 5% (v/v) of culture broth of no-ST type (i), wild type (ii), and Δ19 type (iii). FeCl3 was added 1 h after the addition of GOx to the assay solution. Although the assay conditions were basically the same as those of Fig. 7 , the assay solutions in this figure also contained 2.0 mM EDTA.
